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I. SUMMARY 
A summary of t he  experimental  r e s u l t s  used f o r  v e r i f i c a t i o n  o f  
t h e  non-equi l ibr ium model f o r  p r e d i c t i n g  t h e  behavior i n  t h e  c h a r  zone 
of a c h a r r i n g  a b l a t o r  i s  presented.  Mass f l u x  va lues  of t h e  s imulated 
p y r o l y s i s  gas were reduced by one t o  t h r e e  o r d e r s  o f  magnitude (0.05 
l b / f t  -sec nominal va lue )  t o  i n c r e a s e  t h e  r e a c t i v i t y  of t h e  system a t  
a 2000°F f r o n t  s u r f a c e  temperature.  Very good agreement was ob ta ined  
ove r  t h e  e n t i r e  experimental  range. The e f f e c t  of f r o n t  s u r f a c e  tempera- 
t u r e  on r e a c t i v i t y  is a l s o  presented.  
2 
A comparison of s imula t ed  chars  ( g r a p h i t e  and carbon) w i t h  t h e  low 
d e n s i t y  phenolic-nylon c h a r s  obtained from t h e  Langley Research Center 
arc j e t s  i n d i c a t e d  good agreement and suppor t  f o r  t h e  s i m u l a t i o n  
materials from a chemical viewpoint.  Noted d i f f e r e n c e s  i n  t h e  physi-  
ca l  behavior  w a s  observed because o f  v a r i a t i o n s  i n  t h e  material  po re  
s i z e ,  d e n s i t y  and p o r o s i t y .  
A i r  i n j e c t i o n  a t  the f r o n t  s u r f a c e  of phenolic-nylon c h a r s  a t  a 
2 
m a s s  f l u x  va lue  of 0.035 l b / f t  -sec without  p y r o l y s i s  gas flow coun te r  
t o  the  a i r  i n d i c a t e d  t h a t  t h e r e  is oxygen breakthrough a t  t h e  back 
s u r f a c e .  Add i t iona l  s t u d i e s  w i t h  p y r o l y s i s  gas flow coun te r  t o  t h e  
a i r  i n j e c t i o n  a t  t he  s u r f a c e  i s  i n  p rogres s .  
2 
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The primary o b j e c t i v e  of t h i s  r e s e a r c h  program i s  t o  determine accu- 
r a t e l y  t h e  energy absorbed i n  the  cha r  zone of a c h a r r i n g  a b l a t o r ,  and 
how t h i s  i s  a f f e c t e d  by t h e  chemical r e a c t i o n s  t h a t  t a k e  p l ace  i n  t h e  cha r  
zone. P r e s e n t l y ,  t h e r e  a r e  two methods a v a i l a b l e  t o  d e s c r i b e  t h e  l i m i t s  
on t h e  h e a t  t r a n s f e r  i n  t h e  cha r  zone. Fhese a r e  r e f e r r e d  t o  a s  t h e  f r o -  
zen flow and e q u i l i b r i u m  flow cases .  
The minimum amount of energy t h a t  can be absorbed i n  t h e  cha r  zone 
can be computed by c o n s i d e r i n g  the flow t o  be f r o z e n .  This  r e f e r s  t o  
t h e  s i t u a t i o n  where t h e  degradat ion products  flowing through t h e  cha r  do 
no t  undergo any chemical r e a c t i o n s  ( t h e  composition i s  c o n s t a n t ) .  The 
amount of energy absorbed i s  given by t h e  change i n  s e n s i b l e  h e a t  of t h e  
gases .  
The maximum amount of energy t h a t  can be absorbed i n  t h e  cha r  zone 
is ob ta ined  by c o n s i d e r i n g  t h e  chemical s p e c i e s  i n  t h e  flow f i e l d  t o  be 
i n  thermodynamic equ i l ib r ium.  T h i s  r e f e r s  t o  t h e  s i t u a t i o n  where t h e  
deg rada t ion  products  undergo r e a c t i o n  a t  an  i n f i n i t e l y  f a s t  r a t e ,  and t h e  
amount of energy absorbed i s  computed by c o n s i d e r i n g  t h e  s p e c i e s  t o  be 
i n  thermodynamic equ i l ib r ium.  T h i s  g ives  t h e  maximum energy absorbed 
s i n c e  t h e  r e a c t i o n s  a r e  n e a r l y  a l l  endothermic. 
The l i m i t s  on t h e  energy t r a n s f e r  e s t a b l i s h e d  by t h e s e  two c a s e s  
have  been p rev ious ly  r epor t ed  ( 1 , 2 ) .  It was found t h a t  t he  amount of 
energy t h a t  could be absorbed was almost an  o r d e r  of magnitude g r e a t e r  
f o r  e q u i l i b r i u m  flow than  f o r  frozen flow f o r  t h e  same f r o n t  and back 
s u r f a c e  temperatures  on t h e  cha r .  Due t o  t h e  h igh  mass f l u x  of gases  
from t h e  p l a s t i c  decomposition the a c t u a l  amount of energy t h a t  i s  ab- 
sorbed l i e s  somewhere between these two l i m i t i n g  c a s e s  and i s  determined 
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by t h e  ra tes  o f  chemical r e a c t i o n  among t h e  s p e c i e s  p r e s e n t .  
I n  t h i s  r e p o r t  comparisons a r e  made between experimental  r e s u l t s  ob- 
t a i n e d  on t h e  Char Zone Thermal Environment Simulator and t h e  v a r i o u s  
models d i scussed  i n  p rev ious  r e sea rch  ( 3 ) .  Several  experiments u s ing  
a c t u a l  c h a r  specimens from low d e n s i t y  phenol ic-nylon composites ob ta ined  
from t h e  Langley Research Center were performed u s i n g  a s imulated p y r o l y s i s  
gas  mixture .  
2 x 
r ange  o f  f r o n t  s u r f a c e  temperatures from 2000 t o  2200°F w a s  achieved i n  
t h e  appa ra tus .  
-5  Mass f l u x  v a l u e s  were v a r i e d  over a range of 3 x 10 
2 
t o  
l b / f t  - s ec  t o  o b t a i n  a v a r i e t y  of r e a c t i v e  c o n d i t i o n s .  A 
Add i t iona l  experiments using s imulated c h a r  specimens of g r a p h i t e  and 
carbon (va r ious  grades)  were made. A f t e r  some p re l imina ry '  mechanical d i f -  
f i c u l t i e s  t h e s e  m a t e r i a l s  gave comparable r e s u l t s  t o  t h e  a c t u a l  char  s p e c i -  
mens. 
A i r  o x i d a t i o n  experiments were made t o  s tudy  t h e  depth of oxygen 
p e n e t r a t i o n  w i t h i n  t h e  cha r .  A t  t h e  c o n d i t i o n s  s t u d i e d ,  oxygen w a s  ob- 
s e rved  i n  t h e  e x i t  stream i n d i c a t i n g  complete p e n e t r a t i o n  through t h e  
c h a r s .  There was no p y r o l y s i s  gas flow blocking t h e  oxygen i n j e c t e d  
a t  t he  f r o n t  s u r f a c e  i n  t h e s e  experiments.  
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111. ENERGY AND MOMENTUM TRANSFER I N  NON-EQUILIBRIUM FLOW 
To compute t h e  energy t r a n s f e r r e d  and t h e  p re s su re  d i s t r i b u t i o n  i n  
t h e  c h a r  zone, i t  i s  necessa ry  t o  s o l v e  t h e  energy equa t ion  and momentum 
e q u a t i o n  wi th  a p p r o p r i a t e  boundary c o n d i t i o n s .  For s t e a d y  flow of degra- 
d a t i o n  products  i n  a char  zone of c o n s t a n t  t h i c k n e s s ,  t h e  energy equa t ion  
h a s  t h e  fol lowing form: 
K+ 1 
i= 1 dT - %[ke.s] + wg.c . € .  - - P z c H R  = o - i i  
The f i r s t  term r e p r e s e n t s  t h e  convect ive h e a t  t r a n s f e r ,  t h e  second term 
r e p r e s e n t s  conduct ive h e a t  t r a n s f e r  and t h e  t h i r d  term r e p r e s e n t s  t h e  
h e a t  absorbed by chemical r e a c t i o n s .  The d e r i v a t i o n  of t h i s  equa t ion  and 
a d e s c r i p t i o n  of t h e  numerical  s o l u t i o n  i s  given i n  r e f e r e n c e  ( 3 ) .  
To d e s c r i b e  t h e  p re s su re  d i s t r i b u t i o n  a modified form of Darcy's 
e q u a t i o n  was used which accounts  f o r  i n e r t i a l  e f f e c t s  t h a t  a r e  important 
due t o  t h e  high mass f l u x  of deg rada t ion  products .  For t h e  s t eady  flow 
of a n  i d e a l  gas i n  t h e  char  w i t h  v a r y i n g  mass f l u x ,  t h e  fol lowing i n t e g r a l  
e q u a t i o n  was ob ta ined  t o  p r e d i c t  t h e  p re s su re  d i s t r i b u t i o n :  
The f i r s t  t e r m  on t h e  r i g h t  hand s i d e  i s  t h e  p r e s s u r e  on t h e  high temper- 
a t u r e  s u r f a c e  of t h e  c h a r ,  and the second and t h i r d  terms r e p r e s e n t  t h e  
p r e s s u r e  l o s s  due t o  v i scous  and i n e r t i a l  e f f e c t s  r e s p e c t i v e l y .  
The energy absorbed i n  t h e  char  zone i s  equal  t o  t h e  d i f f e r e n c e  be- 
tween t h e  h e a t  f l u x  a t  t h e  h i g h  temperature  s u r f a c e  and t h e  h e a t  f l u x  a t  
5 
t h e  low temperature  s u r f a c e .  For non-equi l ibr ium flow i n  t h e  cha r  t h i s  
v a l u e  i s  given by: 
L 
= C 2 WgXiCpidT + ~ + 1  j. T i R i  1 dT C X dT/dz i=l i= 1 qCZ 
0 TO 
J z = C 2 J i i   
me f i rs t  t e r m  on t h e  r i g h t  hand s i d e  r e p r e s e n t s  t h e  h e a t  absorbed due t o  
t h e  change i n  en tha lpy  of t h e  gases  and t h e  second t e r m  r e p r e s e n t s  t h e  
h e a t  absorbed by chemical r e a c t i o n s .  
Equat ions (l), (2), and (3) were solved numerical ly  us ing  programs 
w r i t t e n  i n  FORTEWJ IV on an  I B M  7040 computer. 
t a i l  i n  r e f e r e n c e  (3)  where flow diagrams of t h e  subprograms are g iven  
wi th  a d e t a i l e d  p r i n t - o u t  o f  t h e  programs, 
T h i s  i s  desc r ibed  i n  de- 
However b e f o r e  t h e  c a l c u l a t i o n s  can  be performed two a d d i t i o n a l  
These a r e  t h e  s p e c i f i c  chemical p i e c e s  o f  information must b e  known. 
r e a c t i o n s  t h a t  occur i n  t h e  char  w i t h  t h e i r  a s s o c i a t e d  k i n e t i c  c o n s t a n t s  
and t h e  i n i t i a l  composition of t h e  deg rada t ion  p roduc t s  when they e n t e r  
t h e  c h a r  zone, The n i n e  s p e c i f i c  chemical r e a c t i o n s , a l o n g  with t h e  c o r r e -  
sponding frequency f a c t o r  and a c t i v a t i o n  energy -data,  t h a t  are thought 
t o  occur  i n  t h e  c h a r  zone over t h e  r e p o r t e d  temperature  range are  l i s t e d  
i n  T a b l e  1. The i n i t i a l  composition i s  based on t h e  composition p r e d i c t e d  
by thermodynamic equ i l ib r ium c a l c u l a t i o n s  and p y r o l y s i s  gas chromotography 
experiments  and a r e  p re sen ted  i n  Table 2.  
In  F igu re  1 a comparison i s  shown of t h e  temperature  d i s t r i b u t i o n  
f o r  non-equilibrium, equ i l ib r ium and f rozen  flow from t h e  s o l u t i o n  o f  t h e  
e q u a t i o n s  of change ( c o n t i n u i t y ,  momentum and energy) f o r  a s u r f a c e  tem- 
p e r a t u r e  o f  2000°F and a mass f l u x  of 0.05 l b / f t  - s ec .  A s  shown t h e  t e m -  
p e r a t u r e  d i s t r i b u t i o n  f o r  non-equilibrium flow i s  on ly  s l i g h t l y  l e s s  t han  
t h a t  f o r  f r o z e n  f l o w .  However , tha t e n p e r a t u r e  d i s t r i b u t i o n  f o r  e q u i l i b r i u m  
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TABLE 1 
CAL REACTIONS I N  THE CHAR ZONE I N  THE TEHPERATURE 
RANGE FROM 500 T o  2500°F 
REACTIONS I 
I 
1 1 
2 2 6  1. CH4 = - C H  + 2 H 2  
2. C2H6 = C2H4 H2 
3. C2H4 - C2H2 + H2 
4. C2H2 = 2 C + H2 
5. C6H6 - 3 C2H2 
6 .  C + H O  = C O + H 2  2 
7. c + co2 = 2 co I 
1 3 
2 2  2 2  8. NH3 = - N  + - H  
9. CH4 + 2 O2 = C 0 2  + 2 H 2 0  
_ _ _ _ ~ _ _  
FREQUENCY 
FACTOR 
Sec-1 
14 7.6 x 10 
13 3 .1  x 10 
8 2.6 x 10 
2 . 1  x 10 
1 .4  x 10  
10  
9 
3 
9 . 3  x 10 
1.2 x 10 
2 .8  x 10 
1 2  
6 
1 7  1 .5  x 10 
ACTIVATION 
ENERGY 
Kcal 
95.0 
64.1 
40.0 
10.0 
52.0 
70.0 
85.0 
60.8 
30.2 
1 
1 
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TABLE 2 
I N I T I A L  FEED BLEND COMPOSITIONS SIMULATING THE PYROLYSIS GAS 
MIXTUKE A T  THE BACK SURFACE 
GAS 
COMPONENT 
METHANE 
HYDROGEN 
NITROGEN 
CARBON DIOXIDE 
CARBON MONOXIDE 
FEED BLEND 
$1 f 
32.5 
37.2 
15.5 
6.6 
8.2 
100.0 
MOLE PERCENT 
FEED BLEND 
B 2 
43.6 
35.0 
13.6  
2 . 9  
4 . 9  
100.0 
FEED BLEND 
11 3 
46.3 
31.7 
14.0 
2.5 
5.5 
100.0 
INDEX OF EXPERIMENTS USING THE S P E C I F I C  FEED BLENDS LISTED ABOVE: 
FEED BLEND #1: I ,  11, 111, I V ,  V 
FEED BLEND $12: V I I ,  V I I I ,  I X ,  X I ,  X I 1  
FEED BLEND 8 3 :  X I I I ,  X I V ,  XV, X V I  
1 2 2 5 0 0 "  8 M' = 0 . 0  5 I b / f l - s L c  t 1 
n 
2 . 0 0 0 '  
0 8 -  
hJ 
U 
3 
I- < 1 5 0 0 '  I 
t- I i 0 0 0  
5 0 0  
0 I 
I 
- I I - 1 1 - 2  
O 0.2 0.4 0.6 0.8 1. 0 
' 
D If"! E N S IO R L  E S S c ti A R D I ST A t i c  E 
I I 
45.1.7 
180.83 
FIGURE 1 
COEIPARISON OF THE SOLUTIONS OF THE ENERGY EQUATION FOR FROZES, 
EQUILIBRIUN AND NON-EQUILlBkii6~I FLOiu' TO 2000 F 
8 
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flow i s  s i g n i f i c a n t l y  d i f f e r e n t  than t h a t  f o r  f rozen  and non-equi l ibr ium 
flow. S i m i l a r l y ,  a comparison of t h e  s u r f a c e  h e a t  f l u x  i n d i c a t e s  t h a t  
flow i s  e s s e n t i a l  f rozen  a t  t h e  above cond i t ions .  
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IV. EXPERIMENTAL SIMULATIO?? O F  THE C%4R ZONE DURING ASLATT.CN 
Char Zone Thermal Environment Simulator 
Experiments were conducted t o  e s t a b l i s h  t h e  accuracy o f  t h e  non- 
equ i l ib r ium flow model w i th  a system t h a t  s i m u l a t e s  t h e  char  zone du r ing  
a b l a t i o n .  A schematic diagram of t h e  Char Zone Thermal Environment Simu- 
l a t o r  i s  shown i n  F igu re  2 .  
I n  t h i s  s imula to r  a c t u a l  low d e n s i t y  phenol ic-nylon c h a r s  formed i n  
t h e  l a r g e  arc je ts  a t  t h e  Langley Research Center are mounted i n  a cha r  
h o l d e r .  Chars are removed from 3 i nch  diameter  arc j e t  samples, and 
s a u r e i s e n  cement i s  poured around t h e  s i d e s  o f  t h e  c h a r  i n s i d e  a mold. 
T h i s  mounts t h e  cha r  w i th  f r o n t  and back s u r f a c e  exposed i n  a uniform i n -  
e r t  ceramic cas ing  which i s  mounted i n  t h e  cha r  h o l d e r .  The h o l d e r  i s  
c o n s t r u c t e d  of c o n c e n t r i c  t u b e s  so gases  o f  compositions t h a t  a r e  t y p i c a l  
of t h e  deg rada t ion  p roduc t s  can  flow through t h e  char  as they  would have 
on l e a v i n g  t h e  decomposition zone (F igu re  3 ) .  
To have a temperature  p r o f i l e  comparable t o  t h a t  on r e - e n t r y  a bank 
of n i n e  General E l e c t r i c  1200 T3/CL q u a r t z  lamps a re  used t o  h e a t  t h e  cha r  
s u r f a c e .  The bank i s  l o c a t e d  about 1-112 inches from t h e  cha r  s u r f a c e ,  
i s  surrounded by a r e f l e c t o r ,  and h a s  a t o t a l  ou tpu t  o f  about 15 KW. Vari- 
ous f r o n t  s u r f a c e  temperatures  a r e  o b t a i n a b l e  u s i n g  t h e  lamp c h a r t  i n  
Tab le  3 .  
A t o t a l  r a d i a t i o n  pyrometer (Leeds and h'orthrup, Narrow Angle Rayo- 
t u b e )  i s  focused on t h e  f r o n t  s u r f a c e  o f  t h e  cha r  through t h e  bank of 
lamps t o  g ive  an accurate measure o f  t h e  f r o n t  s u r f a c e  temperature .  
i s  recorded on a s t r i p  c h a r t  r eco rde r .  
This 
The accuracy (+ - 20°F a t  2000'F) 
w a s  e s t a b i s h e d  by comparing t h e  temperature measured by t h e  t o t a l  r a d i a t i o n  
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SCHEMATIC DIAGFWf OF THE CHAR SPECIMEN HOLDER AND THE ASSOCIATED SECTIONS 
I- 
- LAMP TYPE 
G.E. 1000 
T3/CL 
G.E. 500 
T3/CL 
G.E. 1200 
T3/CL 
TABLE 3 
COMPARISON OF LAMP REQUIREMENTS FOR A SPECIFIC 
FRONT SURFACE TEMPERATURE 
QUANTITY 
15 
15 
9 
RATED 
VOLTAGE, v 
- I - - - - , - . 
220 
110 
144 
- ---. -- - __ 
RANGE OF 
VOLTAGE, v T TEMPERATURE OPERATING 
- I -- - - .- . - ~  - -- 
2 04 1350-1750°F 
.- .. -. -.- I 
2 04 1550-1800°F 
204 1800-2150°F 
EXPERIMENT 
NUMBER .- 
-L_.___-^____ 
I - X I 1  
XIII-xv 
--_ 
X V I - X V I I  
All of t h e  above lamps a r e  q u a r t z  i n f r a r e d  lamps ( d e t a i l e d  d e s c r i p t i o n  i n  
Genera l  E lec t r i c  CatalogTP-116). 
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pyrometer w i th  t h a t  of a c a l l b r a t e d  opt ical .  pyrometer. 
l i s h e d  t h a t  t h e  pyrometer w a s  n o t  being a f f e c t e d  by s i g h t i n g  through t h e  
q u a r t z  lamps. The usua l  c o r r e c t i o n s  t o  t h e  measured temperature  due t o  t h e  
r e f l e c t e d  r a d i a t i o n  from t h e  lamps w e r e  made. This  c o r r e c t i o n  w a s  less t han  
Also it was e s t z b -  
25°F a t  a char  s u r f a c e  temperature o f  1650°F. 
The back s u r f a c e  temperature  is measured wi th  a s h i e l d e d  i ron-constan-  
t a n  themmcouple ar?d recorded on a s t r i p  c h a r t  r e c o r d e r .  The thermocouple 
makes f i r m  c o n t a c t  w i th  t h e  char  s u r f a c e  t o  i n s u r e  an a c c u r a t e  s u r f a c e  
temperature  measurement. The thermocouple responds ve ry  r a p i d l y  when t h e  
bank of h e a t i n g  lamps is tu rned  on i n d i c a t i n g  t h a t  good c o n t a c t  i s  be ing  
made between t h e  cha r  s u r f a c e  and t h e  thermocouple t i p .  
A mix tu re  of gases s imula t ing  t h e  composition of t h e  deg rada t ion  
p r o d u c t s  i s  prepared i n  a h igh  p res su re  c y l i n d e r .  The gas i s  passed through 
a r e g u l a t o r  and is metered by a c a l i b r a t e d  ro t ame te r  t o  t h e  cha r  h o l d e r .  
Having passed through t h e  char  the gases  flow through a sample manifold 
where p e r i o d i c  samples a r e  taken f o r  gas chromatographic a n a l y s i s  and 
t h e n  through a wet t e s t  meter where volume (flow r a t e )  i s  measured. 
The composition of t h e  feed and products  are analyzed on a Packard 
Ins t rumen t  Corporation gas chromatograph wi th  a thermal c o n d u c t i v i t y  
d e t e c t o r .  Hydrocarbons and carbon d i o x i d e  are determined on a twelve f o o t  
column f i l l e d  w i t h  Porapak S packing wi th  helium as a c a r r i e r  g a s ,  N i t ro -  
gen, oxygen and carbon monoxide a r e  determined on a s i x  f o o t  column packed 
w i t h  5A molecular s i e v e  w i t h  helium as a c a r r i e r  g a s . '  Hydrogen i s  d e t e r -  
mined on t h i s  column us ing  argon as  a c a r r i e r  gas .  
The p r e s s u r e  drop a c r o s s  the c h a r  i s  measured wi th  a U-tube manometer 
u s i n g  water as the manometer f l u i d .  The t a p s  of t he  manometer are l o c a t e d  
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on t h e  e n t r a n c e  and e x i t  gas l i n e s .  The a c t u a l  p r e s s u r e  drop a c r o s s  t h e  
char  i s  determined by s u b s t r a c t i n g  from t h e  t o t a l  p r e s s u r e  drop,  t h e  
p r e s s u r e  drop measured without  t h e  cha r  i n  p l a c e .  
The o p e r a t i n g  procedure c o n s i s t s o f  a s t a r t - u p  phase,  a s t e a d y  s t a t e  
phase,  and a shut-down phase. In t he  s t a r t - u p  phase coo l ing  water  and 
a i r  flow r a t e s  a r e  a d j u s t e d ,  r eco rde r s  a r e  s t a r t e d ,  helium flow through 
t h e  cha r  i s  s e t  and then  pover i s  app l i ed  t o  t h e  bank of l amps .  The tem- 
p e r a t u r e  o f  t h e  system r i s e s  t o  a s t e a d y - s t a t e  va lue .  I n  t h e  s t e a d y - s t a t e  
phase a t  t h e s e  c o n d i t i o n s  a s e t  of d a t a  a r e  c o l l e c t e d  which r e p r e s e n t s  
f rozen  flow i n  t h e  cha r .  Then the  flow i s  switched t o  a feed of a compo- 
s i t i o n  t y p i c a l  of t h e  deg rada t ion  products .  k%en temperature  t r a n s i e n t s  
have damped, product samples a r e  taken a t  f i v e  minute i n t e r v a l s  f o r  a r u n  
time of  more than f i f t e e n  minutes.  Operat ing c o n d i t i o n s  a r e  then changed 
t o  o b t a i n  ano the r  s e t  of d a t a  o r  the system i s  shut  down, 
To s h u t  down t h e  o p e r a t i o n  of t h e  system, the  flow through t h e  char  
i s  changed t o  helium and then  t h e  power t o  the  lamps i s  turned o f f .  The 
system i s  allowed t o  cool  t o  near room temperature a n d  a l l  of t he  flows 
a r e  tu rned  o f f .  
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V. EXPERTEENTMLT, RESULTS 
A .  V e r i f i c a t i o n  of  Math Models 
Experiments u s i n g  a c t u a l  char specimens from Langley Research Center  
a r e  used t o  measure the a b i l i t y  of t h e  models t o  p r e d i c t  a c t u a l  behav io r .  
A s  r e p o r t e d  i n  p rev ious  r e s e a r c h  ( 3 ) ,  f o r  a mass f l u x  value of  0.05 1 b / f t  - s e c  
and a f r o n t  s u r f a c e  temperature  of 2000"F, a f r o z e n  flow c o n d i t i o n  e x i s t s .  
The re fo re ,  because of  t h e  upper l i m i t  o f  2000°F o b t a i n a b l e  w i t h  t h e  p r e s e n t  
exper imenta l  s e t u p ,  a s t u d y  a t  a v a r i e t y  of reduced mass f l u x  v a l u e s  i s  
necessa ry .  I n  t h i s  way, r e s idence  t imes  a r e  inc reased  a n d  r e a c t i o n s  ob- 
s e rved  a t  t h e  m a x i m u m  f r o n t  su r f ace  temperature  of 2000°F. 
2 
There are two i n d i c a t i o n s  t h a t  r e a c t i o n s  are occur ing  from t h e  ana- 
l y t i c a l  models. F i r s t ,  an increase i n  t h e  s u r f a c e  h e a t  f l u x  f o r  t h e  non- 
e q u i l i b r i u m  model above t h e  frozen flow model approaching t h e  upper l i m i t  
of e q u i l i b r i u m  f low value i n d i c a t e s  r e a c t i v i t y .  This i n d i c a t i o n  h a s  no 
exper imenta l  comparison, however, and o f f e r s  no v e r i f y i n g  r e s u l t s .  The 
second and most important i n d i c a t i o n  t h a t  a r e a c t i o n  h a s  occurred i s  t h e  
change i n  e x i t  g a s  composition. Values f o r  t h e  e x i t  gas  composition 
approximately e q u a l  t o  t h e  i n l e t  gas va lues  i n d i c a t e  a f rozen  c o n d i t i o n ,  
whereas t h e  degree wi th  which these  v a l u e s  d e v i a t e  from t h e  i n l e t  g a s  
v a l u e s  i n d i c a t e s  t h e  degree of  r e a c t i v i t y .  Once a g a i n  t h e  e q u i l i b r i u m  
composi t ion i s  t h e  upper l i m i t .  This l a t t e r  i n d i c a t o r  is  used t o  v e r i f y  
t h e  non-equi l ibr ium f low model as adequate  o r  inadequate  i n  d e s c r i b i n g  
t h e  f low system. 
Two e f f e c t s  a r e  i l l u s t r a t e d  t o  supplement t h e  above d i s c u s s i o n .  I n  
Table  4 a comparison of  t h r e e  experiments a t  c o n s t a n t  mass f l u x  (0.012- 
0.017 l b / f t  - sec)  i s  made f o r  d i f f e r e n t  f r o n t  s u r f a c t  temperatures  
(1575°F t o  2035°F) .  A s  would be r.:;i;ectel r e a c t i v i t y  i n c r e a s e s ,  as  
2 
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i n d i c a t e d  by e x i t  g a s  composition and sur face  h e a t  f l u x  v a l u e s ,  BS t h e  
s u r f a c e  temperature  i n c r e a s e .  The exper imenta l ly  determined e x i t  gas 
compositions ag ree  w i t h i n  experimental  e r r o r  t o  those  c a l c u l a t e d  by t h e  
non-equi l ibr ium flow model. The values  c a l c u l a t e d  by t h e  e q u i l i b r i u m  
model are i n  g r o s s  disagreement .  Th i s  same r e s u l t  can be seen i n  Table 5 
comparing s u r f a c e  heat f l u x  f o r  the  v a r i o u s  models. 
A second e f f e c t  i s  i l l u s t r a t e d  i n  Table 6 where va ry ing  m a s s  f l u x  
2 va lues  ( 3  x 
s u r f a c e  temperature  (2035°F). A wide range of r e a c t i v i t y  i s  noted wi th  
la rger  changes o c c u r r i n g  a t  t h e  low mass f l u x  ( o r  h i g h  r e s idence  time) 
v a l u e s .  I n  a l l  cases good agreement between experimental  and c a l c u l a t e d  
e x i t  gas compositions r e s u l t .  Table 7 c o n t a i n s  t h e  s u r f a c e  h e a t  f l u x  
v a l u e s  fo r  t h e  v a r i o u s  models. 
- 2 x 10-21b / f t  -sec) a r e  compared f o r  a cons t an t  f r o n t  
Two d e v i a t i o n s  do occur  on c l o s e r  i n s p e c t i o n ,  however, and t h e s e  can 
be j u s t i f i e d .  The f i r s t  r e s u l t s  i n  t h e  back s u r f a c e  temperature  of  ex- 
periment XVI-48 which is  lower than t h e  a d j a c e n t  experimental  va lues .  
T h i s  value i s  an average of temperatures  i n  t h e  non-steady s t a t e  r eg ion  
d u r i n g  t h e  i n i t i a l  phases  of t h e  experiment.  The second occur s  i n  high 
a c e t y l e n e  composi t ions i n  t h e  ex i t  gas  s t ream p r e d i c t e d  by t h e  non-  
e q u i l i b r i u m  model. Th i s  r e s u l t s  from a very s e n s i t i v e  energy of a c t i v a -  
t i o n  on r e a c t i o n  3 (Table 1) wi th  temperature .  
The important conclusion t o  reach i s  t h a t  t h e  composition of  t h e  major 
c o n s t i t u e n t s  a r e  p r e d i c t e d  over  a wide range of  c o n d i t i o n s  va ry ing  from 
f r o z e n  flow t o  a h i g h l y  r e a c t i v e  s t a t e .  
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B. Simulated Char Experiments U s i n g  Various Graphi te  and Carbon P la t e r i a l s  
Add i t iona l  experiments  were made t o  de te rmine  whether g r a p h i t e  and 
carbon s imula ted  t h e  a c t u a l  Langley arc j e t  cha r  specimens.  The l a r g e  
d i f f e r e n c e  between t h e  two i s  i n  p o r o s i t y  va lues  and p o s s i b l y  h i g h e r  pa th  
r e s i s t a n c e  i n  t h e  g r a p h i t e  and carbon samples.  Two specimens were s tud ied  
i n  t h i s  phase o f  t h e  program and t h e r e  d e s c r i p t i o n s  a r e  l i s t e d  i n  Table  8. 
These Specimens are obta ined  i n  t h r e e  inch wide by s i x  inch long 
by one inch  t h i c k  b lock  s e c t i o n s  f r o m  which one inch d iameter  by one - fou r th  
inch t h i c k  samples are made.  A f i n e  b lade  saw i s  used t o  c u t  t h e  t h i c h n e s s  
and a h o l e  s a w  used t o  c u t  t h e  diameter .  
A s e r i e s  o f  runs  were made a t  c o n d i t i o n s  d u p l i c a t i n g  cha r  specimen 
runs  €or  o v e r a l l  comparison of r e s u l t s ;  i . e .  e x i t  gas  composition and 
f r o n t  and back tempera tures .  I n s p e c t i o n  of t h e  a n a l y t i c a l  d a t a  ind ica t ed  
a r eg ion  near  s t a r t u p  o f  increased  methane and decreased  hydrogen concen- 
t r a t i o n  wi th  even tua l  l e v e l i n g  t o  normal behavior .  These r e s u l t s  were 
noted i n  r e p l i c a t e  experiments  t o  occur  a t  o r  near  t h e  same run  t i n e  and 
f i n a l  concen t r a t ion .  F igu res  4, 5 and 6 show t h e  peak i n  t he  methane 
c o n c e n t r a t i o n  (and t h e  d e c l i n e  in  hydrogen concen t r a t ion )  versus run  time. 
I n  r e f e r e n c e  4 and 5 i t  i s  suggested t h a t  methane product ion  i s  en- 
hanced by pass ing  hydrogen over  f i n e l y  g ranu la t ed  g r a p h i t e  (or  carbon) .  
The f i n e  p a r t i c l e s  i n c r e a s e  su r face  area pe r  u n i t  mass o f  m a t e r i a l  and 
t h e r e f o r e  i n c r e a s e s  t h e  reactive s i t e s  a v a i l a b l e  f o r  combination wi th  hy- 
drogen  t o  form methane. 
Severa l  a d d i t i o n a l  experiments were made wi th  i d e n t i c a l l y  machined 
plugs fo l lnwed  by 2j-r (91: nitmger . )  spzrging to elliiiliiate t r a p p e d  fill2'5 
w i t h i n  t h e  po re  s i tes  of t h e  specimens. 
Langley arc j e t  cha r  experiments  and e l imina ted  t h e  methane i n c r e a s e  du r ing  
t h e  i n i t i a l  phases  of t h e  run.  F igures  7 and 8 show t y p i c a l  run  shee t  
These experiments  d u p l i c a t e d  t h e  
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d a t a  f o r  t h e  g r a p h i t e  experiments,  wh i l e  F igu res  9 and 10 a r e  t y p i c a l  
d a t a  f o r  t h e  Langley cha r  experiments.  The same o v e r a l l  t r end  i s  noted 
i n  t h e  comparison. (Also i n  Figure 10, t h e  l a r g e  dec rease  i n  methane 
c o n c e n t r a t i o n  i s  i n d i c a t i v e  of high r e a c t i v i t y  a t  t h e  low mass flux v a l u e . )  
Therefore ,  f o r  a l l  p r a c t i c a l  purposes up t o  2000°F,graphi te  and carbon 
s i m u l a t e  t h e  c h a r  behavior from a chemical viewpoint ,  a l though c e r t a i n  
p h y s i c a l  p r o p e r t y  d i f f e r e n c e s  occur (i,e. p r e s s u r e  d r o p ) ,  
C. A i r  P e n e t r a t i o n  S tud ie s  
Two a d d i t i o n a l  experiments were made t o  determine i f  oxygen i n j e c t e d  
a t  t h e  f r o n t  s u r f a c e  of t h e  specimen p e n e t r a t e d  t h e  e n t i r e  t h i c k n e s s  o f  
t h e  specimen o r  was r e a c t e d  completely w i t h i n  t h e  cha r .  The experiments 
performed were s i m p l i f i e d  by merely r e v e r s i n g  t h e  i n l e t  and o u t l e t  gas 
l i n e s .  Compressed a i r  was used as a f eed  gas  and t h e  flow was a d j u s t e d  
t o  o b t a i n  t h e  d e s i r e d  oxygen mass f l u x .  N o  p y r o l y s i s  gases  were passed 
through t h e  char  from t h e  back t o  t h e  f r o n t  s u r f a c e  as i s  t h e  case i n  
a c t u a l  r e - e n t r y  f l i g h t s .  
R e s u l t s  a r e  shown i n  F igu re  11 f o r  an a i r  mass f l u x  va lue  of 0.037 
2 S t e a d y  s t a t e  was l b / f t  / s e c  and a f r o n t  s u r f a c e  temperature  o f  2050°F. 
achieved wi th  helium flow b e f o r e  t h e  a i r  w a s  allowed t o  flow i n t o  t h e  cha r .  
Immediately a f t e r  t h e  a i r  c u t - i n ,  t h e  back s u r f a c e  temperature  dropped 
due t o  t h e  d i f f e r e n c e  i n  molecular weights  of t h e  two f eeds  followed 
by a s l i g h t  d i f f e r e n c e  i n  p r e s s u r e  drop from 5.0 inches of  water t o  4.8 
i n c h e s  of  wa te r .  
oxygen i n  t h e  e x i t  stream o r  t o t a l  b reak  through o f  oxygen t o  t h e  back 
s u r f a c e .  Shor t ly  t h e r e a f t e r  a p r e s s u r e  drop dec rease  r e s u l t e d  ( 3 . 4  i nches  
o f  w a t e r ) .  This normally i n d i c a t e d  p o s s i b l e  c rack ing  of t h e  ceramic 
( i n e r t )  mounting r i n g  o r  a severe c r a c k  i n  t h e  specimen r e s u l t i n g  i n  
lower r e s i s t a n c e  t o  flow by channeling. 
The sample ob ta ined  du r ing  t h i s  pe r iod  i n d i c a t e d  477 
Two a d d i t i o n a l  samples of t h e  
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e x i t  gas  stream were taken and t h e  experiment terminated.  The remr;ining 
samples i n d i c a t e d  h ighe r  oxygen c o n c e n t r a t i o n  a t  t h e  back s u r f a c e  and 
i n s p e c t i o n  o f  t h e  char  specimen revealed l a r g e  erroded a r e a s  i n  t h e  m a t e r i a l  
F i g u r e s  1 2  and 13). Prolonged running would have r e s u l t e d  i n  t o t a l  re- 
a c t i o n  of  t h e  cha r  noted i n  an ear l ier  experiment.  
P o s s i b l e  a d d i t i o n a l  runs  w i l l  b e  made wi th  a i r  i n j e c t i o n  p a r a l l e l  
to the f r o n t  s i i r faee with p y r o l y s i s  gas f l o w  from back t o  f r o n t  s i m u l a t -  
i ng  t h e  a c t u a l  case expected during r e - e n t r y .  
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V I .  FUTURE EXPERIMENTAL WOFX 
A. Better P y r o l y s i s  Gas Composition 
Recent work by Nelson and Sikes  a t  L.R.C.  i n d i c a t e  t h a t  h igh  
molecular  weight  s p e c i e s  such as phenol ,  cresols, x y l e n o l ,  e tc .  
. a r e  p r e s e n t  i n  s g n i f i c a n t  q u a n t i t i e s  i n  t h e  p y r o l y s i s  gas  s t ream. Fu tu re  
experiments  w i l l  a t t empt  t o  combine a gas  and l i q u i d  f eed  blend t o  more 
a c c u r a t e l y  s imula te  t h e  p y r o l y s i s  gas  composi t ion.  Th i s  will r e q u i r e  t h e  
a d d i t i o n  of l i q u i d  me te r ing  dev ices ,  p rehea t  s e c t i o n s  t o  vapor i ze  t h e  
l i q u i d  f eed  s tock  and l i q u i d  knockout po ts  i n  t h e  e x i t  l i n e s  t o  t r a p  any 
un reac ted  condensate .  
B. Carbon 14 Tagging o f  Key Species  
Carbon 14 tagged s p e c i e s  w i l l  be  included i n  t h e  s t u d i e s  t o  pin-  
p o i n t  r e a c t i o n s  expec ted  t o  be important  i n  t h i s  tempera ture  r eg ion .  
The use of a l i q u i d  s c i n t i l l a t i o n  counter  w i l l  be  r e q u i r e d  f o r  t h e s e  ad- 
d i t i o n a l  ana lyses .  Also important  d a t a  r ega rd ing  p o s s i b l e  carbon depos i -  
t i o n  w i t h i n  t h e  cha r  w i l l  be  obta ined  by s l i c i n g  v e r y  t h i n  l a y e r s  of  t h e  
c h a r  specimens wi th  a n a l y s i s  of  t he  m a t e r i a l s  f o r  r a d i o a c t i v i t y .  In  t h i s  
way t h e  r eg ions  where d e p o s i t i o n  occur  can  be  p inpoin ted  and p o s s i b l e  
s o l i d  d e n s i t y  v s . t h i c k n e s s  p l o t s  can be  ob ta ined .  
C .  C a t a l y s t  S t u d i e s  
The use  of heterogeneous c a t a l y s t  t o  p o s s i b l e  enhance chemical re-  
a c t i o n  a t  mi lde r  c o n d i t i o n s  w i l l  be s t u d i e d .  These t e s t s  w i l l  hope fu l ly  
i n d i c a t e  whether c a t a l y s t i c  s a l t i n g  of t he  c h a r s  w i l l  r esu l t  i n  b e n e f i c i a l  
h e a t  a d s o r p t i o n  o r  lesser  amounts of  m a t e r i a l  r e q u i r e d  t o  p r o t e c t  space 
v e h i c l e s .  
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TX. APP?ZNDIX 
This  appendix c o n t a i n s  a summary o f  a l l  experimental  r e s u l t s  
ob ta ined  on t h e  Char Zone Thermal Environment Simulator  w i t h  r e f e r e n c e  t o  
s p e c i f i c  run s h e e t s  contained i n  N.A.S.A. - R.F .L .  - 8.. . 
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RE 14: RUN SIEET EXPERIMENT IV 
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